Abstract. Survivin is a unique inhibitor of apoptosis, which is frequently present within degenerated human nucleus pulposus (NP) cells. Survivin has been extensively investigated using proliferation and apoptosis assays in tumor cells; however, studies conducted on survivin in degenerative NP cells remain limited to date. The aim of the present study was to investigate survivin expression and its effects on the proliferation and apoptosis of degenerated NP cells in vitro. The expression levels of survivin in the NP cells of patients (>45 years) with lumbar disc degenerative disease and the NP cells of patients (<25 years) with lumbar vertebra fracture were assessed by reverse transcription-quantitative polymerase chain reaction. The effects on in vitro proliferation and apoptosis were investigated through transfection with a specific small interfering (si)RNA. The results of the present study demonstrated that survivin was expressed in the degenerated NP cells, but was undetectable in normal NP cells at the mRNA level. Survivin suppression following transfection with a specific survivin-siRNA reduced the proliferation rate of NP cells and enhanced sensitization to pro-apoptotic stimuli. Therefore, survivin was shown to be expressed and exhibit an important role in the proliferation and prevention of apoptosis of degenerated NP cells. Studies on survivin in NP cells may aid in increasing the understanding of the complex processes underlying NP cell degeneration, and could provide fundamental information for gene therapy to inhibit this degeneration in vitro.
Introduction
Approximately 80% of the aging population is suffering from lower back pain, an endemic problem that causes substantial disability (1) (2) (3) . Intervertebral disc (IVD) degeneration is the leading cause of lower back pain (4) . However, conservative treatment (such as medication and physical therapy) and surgical treatments target symptom reduction, rather than repairing or decelerating the underlying degenerative process. Determining the mechanism underlying the degeneration of the IVD may aid in developing strategies to decelerate or reverse this process.
The IVD consists of two regions, namely, the inner nucleus pulposus (NP) and the outer annulus fibrosus (AF). Normal NP cells produce aggrecan and collagen type II. Aggrecans are polyanionic due to their high content of carboxyl and sulfate groups, and thus attract and bind water molecules, hydrating the tissue in order to resist compressive loads (5) . Since NP cells have an important role in maintaining the integrity of IVD (6) , NP cell loss resulting from necrosis and apoptosis contributes to disc degeneration (7) (8) (9) (10) . Therefore, the analysis of the apoptosis and proliferation of NP cells may provide a novel therapeutic approach for the reversal of the degenerative process.
Among the apoptosis signaling pathways, two predominant caspase-dependent signaling pathways may be observed: The intrinsic and the extrinsic signaling pathways, which are mediated by the mitochondria and death receptor, respectively. Numerous studies have demonstrated that the mechanism underlying apoptosis in degenerated NP cells involves the two types of signaling pathway, although the involvement varied among patients. The two signaling pathways ultimately induce caspase-3 to initiate apoptosis (11) (12) (13) (14) .
Survivin is a baculovirus inhibitor of apoptosis repeat motif protein, which is located on the long arm of chromosome 17 at position q25. It is abundantly expressed in embryonic tissues and in the majority of tumors, however, survivin is not present in normal differentiated cells (15) (16) (17) . The predominant function of survivin is the regulation of mitosis progression and apoptosis inhibition (18) . In embryonic tissues, survivin is expressed in a strictly regulated manner during development, and has an important role in the control of embryonic cell mitosis/cytokinesis and apoptosis (19) . In human cancer, survivin expression detected by immunohistochemical staining is an important prognostic parameter. High survivin expression levels in tumors correlates with a more aggressive and invasive clinical phenotype, and poor prognosis and low responsiveness to chemotherapeutic agents can be expected (20, 21) . Survivin has been proposed as a suitable molecular target for future anticancer therapies. However, a recent study reported a role of survivin in non-malignant tissues and normal cells (15) . In rheumatoid arthritis and osteoarthritis, high mRNA and protein expression levels of survivin were observed, and results on the proliferation and apoptosis of chondrocytes were consistent with the findings of the present study (22) (23) (24) .
The role of survivin in degenerated NP cells remains to be elucidated. The present study investigated the expression levels of survivin in human NP cells in vitro, and reported selective survivin expression in degenerated human NP cells. Further understanding of survivin expression and function in NP cells may be an important step towards understanding the mechanism underlying degeneration, and may prove useful in the development of future gene therapies to decelerate the degeneration of NPs.
Materials and methods

Materials.
Degenerative human NP cells were donated by ten patients, which included six men and four women, with a mean age of 58 years (range, 47-66 years; Table I ). All patients were diagnosed with disk degeneration using magnetic resonance imaging and had undergone spinal fusion to relieve their chronic lower back pain. The degenerative condition of intervertebral disk degeneration was evaluated according to the Pfirrmann's grading system (25) . Normal NP cells were collected from two young male patients (aged 22 and 24 years) undergoing posterior nucleotomy in their left ventricles, spinal fusion, and decompression, and were stable within 24 h of trauma. The two men did not have any previous documented clinical history of lower back pain, and their cells were used as controls. The present study was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University (Qingdao, China), and informed consent was signed by all patients involved in the present study, in which they agreed to provide their individual clinical information.
The tissue samples were harvested and collected under sterile conditions at The Affiliated Hospital of Qingdao University in 2014 between May and August. The patients with normal cells had been involved in trauma accidents. Complete culture medium [Dulbecco's modified Eagle's medium (DMEM)-F12, GE Healthcare Life Science GE Healthcare Life Science, Logan, UT, USA] supplemented with fetal calf serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) maintained at 4˚C was used as transport medium. All biopsies were delivered to the laboratory (the Medical Research Center at The Affiliated Hospital of Qingdao University) for processing of cell culture on the day of harvest.
Cell isolation and culture. Tissue samples were weighed and washed twice in phosphate-buffered saline (PBS). The NP and AF were separated based on their macroscopic morphologies by omitting the transitional zone, as previously described (6) . Cells from each patient were isolated and cultured separately to avoid interference. The NP tissue samples were sectioned (~1 mm 2 ) prior to being digested with 0.25% trypsinase (GE Healthcare Life Science) at 37˚C under gentle agitation. After 20 min, digestion was stopped using DMEM-F12 supplemented with 15% fetal calf serum, and the tissue samples were centrifuged at 560 x g for 5 min. Subsequently, 0.5% collagenase Type II (ICN Biomedicals Inc., Costa Mesa, CA, USA) was used to treat the cells at 37˚C for ~4 h. The tissue samples were centrifuged at 560 x g for 5 min and washed three times with DMEM-F12 supplemented with 15% fetal calf serum.
The cells were transferred to a 12.5-cm 2 culture flask at a density of 10 5 cells/ml. The cells were maintained in DMEM-F12 supplemented with 15% fetal calf serum and 1% penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.), and cultured in a CO 2 incubator (SANYO Electric Co. Ltd., Moriguchi, Japan) at 37˚C with humidity (95%). The growth medium was changed every three days following cell adherence. All experiments were conducted during passage two, and sub-confluent cultures were used.
Cell culture in ischemic condition. NP cells were cultured in DMEM culture medium (glucose deprivation) in a CO 2 incubator at 37˚C with 1% oxygen and 95% humidity. These cells were subsequently used for analyzing caspase-3 activity.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. mRNA survivin expression levels were assayed by RT-qPCR. Total mRNA was extracted from the NP cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according to a one-step method in the manufacturer's instructions. A total of 1 µg mRNA was reverse transcribed into cDNA in 10 µl reaction mixture using PrimeScript RT reagent (Takara Biotechnology Co., Ltd., Dalian, China), and the reaction product was treated with RNAse-free DNase I (Takara Biotechnology Co., Ltd.). The absorbance was measured at 260 and 280 nm using a Safire 2 automatic microplate reader (Tecan Group Ltd., Männedorf, Switzerland ) for quantification and quality control.
PCR was conducted with the following cycling conditions in a LightCycler ® 480 II (Roche Diagnostics, Basel, Switzerland): 95˚C for 5 min followed by 33 cycles of 94˚C for 45 sec, 56˚C for 45 sec, 72˚C for 45 sec, and a final extension step at 72˚C for 10 min. The probes were designed using the PrimerExpress program (Applied Biosystems Life Technologies, Foster City, CA, USA). Total gene specificity was confirmed through BLAST searches (GenBank database sequences; www.ncbi. nlm.nih.gov/genbank/). The primers were purchased from Sangon Biotech Co. Ltd. (Shanghai, China; Table II) . Human GAPDH was used as the internal control. In each experiment, the samples were analyzed in duplicates. The values for survivin were associated with those of their controls using the comparative Cq method (ΔΔCq method).
Protein extraction and western blot analysis. For the cell culture extracts, adherent cells were washed with ice-cold PBS, and cell lysis was performed using 200 µl radioimmunoprecipitation assay buffer (Aidlab Biotechnologies Co., Ltd, Beijing, China) with 2 µl phenylmethanesulfonyl fluoride (Shanghai Macklin Biochemical Co.,Ltd., Shanghai, China) on ice for 45 min. The cells were removed by scraping. Subsequently, the lysis solution was centrifuged at 6,700 x g for 5 min at 4˚C. For western blot analysis of survivin, GAPDH was used as an internal control, and the proteins were separated by 10% SDS-PAGE (Beyotime Institute of Biotechnology, Haimen, China) prior to being transferred onto immobilon-P membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% fat-free dried milk and incubated with monoclonal rabbit antibody (cat. no. ab76424; Abcam, Cambridge, MA, USA) at 4˚C for 8 h. The membranes were washed three times with PBS (15 min per wash). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibody, goat anti-rabbit IgG (dilution, 1:2,000; cat. no. CW0103; CW Bio, Beijing, China) at room temperature for 2 h and the bands were visualized using chemiluminescence (Pierce Biotechnology, Inc., Rockford, IL, USA). The images were analyzed using a Fusion FX7 (Vilber Lourmat, Marne-laVallée, France).
Survivin knockdown by small interfering (si)RNA. For transfection analysis, the cells were seeded into six-well plates at 4x10 5 cells/well for 4 h prior to knockdown being performed. For knockdown of survivin, an siRNA with the following sequence: Sense, 5'-GCGCCUGCACCCCGGAGCG-3' and antisense, 5'-CGCUCCGGGGUGCAGGCGC-3', was transfected as previously described (24, 26 ). An siRNA targeting green fluorescence protein (GFP) with the following sequence: Sense, 5'-GUGUGCUGUUUGGAGGUCTT-3' , and antisense, 5'-GAACUCCAAACAGCACACCTT-3', was transfected to serve as the negative control. All siRNAs (Sangon Biotech Co., Ltd.) were used at a concentration of 100 nmol/l, and transfected using X-treme GENE siRNA transfection reagent (Roche Diagnostics).
Caspase-3 activity assay. Apoptosis levels were investigated by measuring caspase-3 activity using a Caspase-3 Colorimetric Assay kit (BioVision Inc., Milpitas, CA, USA). The NP cells were counted and seeded at 1.5x10 6 cells for 24 or 48 h following survivin-specific or control siRNA transfection. The cells were then re-suspended in cell lysis buffer and 50 µl of 2X reaction buffer (containing 10 mM DTT; BioVision, Inc.) and 5 µl DEVE-pNA were added. The samples were incubated for 90 min at 37˚C, and their absorbancies were read at 405 nm using a microplate reader (Sunrise; Tecan Group Ltd., Männedorf, Switzerland).
Measurement of cell proliferation by quantification of bromodeoxyuridine (BrdU) incorporation.
A commercial ELISA cell proliferation assay (Roche Diagnostics) was used according to the manufacturer's protocol. A total of 48 h post-transfection with survivin-specific or control siRNA, the cells were seeded at a density of 7x10 3 and cultured in 96-well microtiter plates prior to being treated with BrdU (final concentration, 10 mM; Roche Diagnostics) for 6 h. Following treatment with a fixation solution (Roche Diagnostics), the cells were labeled with anti-BrdU-POD Fab fragments (Roche Diagnostics). The bound antibody was then quantified using a peroxidase substrate 2 and 3) . Protein expression levels 48 h post transfection with GFP and survivin-specific siRNA are shown. Survivin protein expression levels in the three independent primary nucleus pulposus cells and nucleus pulposus cells transfected with GFP siRNA were stable, and no significant difference was observed. Post transfection with survivin-siRNA, survivin protein expression levels were significantly reduced. GFP, green fluorescent protein; siRNA, small interfering RNA. degenerative NP cells were analyzed using RT-qPCR and western blot analysis following transfection with survivinspecific siRNA. Protein and mRNA survivin expression levels were significantly reduced 48 h post-transfection with survivin-specific siRNA, compared with the negative and blank control groups (P<0.01). No significant difference was observed between the negative and blank control groups (P=0.57; Fig. 2A and B) .
Results
Survivin is expressed in degenerated NP
Survivin knockdown leads to an increased sensitivity to pro-apoptotic stimuli. The activity levels of caspase-3 48 h post-transfection with siRNA were assayed. Under normal culture conditions (unstressed), transfection with survivin-specific siRNA did not lead to significantly altered caspase-3 activity levels, compared with the negative and blank control groups (P=0.49; Fig. 3 ). However, when exposed to ischemia in vitro (1% oxygen and glucose deprivation), caspase-3 activity levels significantly increased 48 h after transfection with siRNA (survivin siRNA + in vitro ischemia compared with GFP siRNA + in vitro ischemia and untransfected + in vitro ischemia, P<0.001; Fig. 3 ). ANOVA and subsequent LSD tests revealed increased apoptotic rates under all transfection conditions (untransfected + unstressed compared with untransfected + in vitro ischemia, P<0.01; GFP siRNA + unstressed compared with GFP siRNA + in vitro ischemia, P<0.01; and survivin siRNA + unstressed compared with survivin siRNA + in vitro ischemia, P<0.01) where unstressed refers to the NP cells that were cultured in normal rather than ischemic conditions. The transfection of GFP had no significant effect on apoptotic levels (untransfected + unstressed compared with GFP siRNA + unstressed, P=0.64; and untransfected + in vitro ischemia compared with GFP siRNA + in vitro ischemia, P=0.17).
Survivin knockdown leads to reduced proliferation rates.
The effects of transfection with survivin-specific siRNA on the proliferation of NP cells is shown in Fig. 4 . BrdU uptake was significantly (P<0.01) reduced 48 h following knockdown of survivin, compared with the negative and blank control groups. However, transfection with GFP-siRNA did not lead to any significant alterations in BrdU uptake after 48 h, compared with the blank control group (P=0.347).
Discussion
Degenerative disc disease is a serious and common health care problem, and therapeutic strategies have traditionally focused primarily on treating the symptoms. Therefore, novel methods that would stimulate the regeneration of disc tissues or decelerate the progress of age-associated disc degeneration are required. Thus, it is important to understand the changes that occur with aging, the causes of these changes, and the mechanism underlying degeneration.
Several studies have investigated the mechanisms underlying disc degeneration, including a decrease in cellular concentration, cell senescence, cell apoptosis, decreasing extracellular matrix anabolism and increasing extracellular matrix catabolism (27, 28) . The role of oncofetal gene survivin has been extensively investigated in cell proliferation and apoptosis in tumor cells (29, 30) . However, limited data is available regarding its expression in degenerative NP cells. Yang et al (31) reported that survivin was expressed in fetal disc tissue samples and was differentially expressed between degenerated NP tissue samples and normal NP tissue samples (31, 32) . Immunohistochemical staining demonstrated that survivin expression was present in 20-, 26-and 28-week fetal age intervertebral discs, and the differences in expression levels between samples were not statistically significant. Survivin expression levels were detectable in degenerated NP tissue samples, whereas they were significantly downregulated in normal NP tissue (P=0.048). These results demonstrated that survivin has an important role in fetal intervertebral disc growth, and is likely to be involved in the regulation of apoptosis and cell proliferation during the degeneration of NP tissue (31, 32) .
Based on the above-mentioned results (31, 32) , the difference between the expression levels of survivin in degenerative NP cells and normal NP cells was investigated in the present study. The mRNA expression levels of survivin were significantly increased in degenerative NP cells, whereas absent or low expression levels were reported in normal NP cells, which was concordant with the survivin expression levels reported in the corresponding tissue samples of a previous study (32) . The results indicated the expression of survivin gene transcription and translation in degenerative NP cells, and suggested that survivin may have a role in the degeneration of NP cells. Therefore, based on the effects and function of survivin, alterations in cell proliferation and apoptosis were measured following survivin knockdown by siRNA. The results revealed the role of survivin in the degeneration of NP cells.
siRNA is an effective tool for silencing the expression of survivin, and GFP-siRNA was used as a negative control in the present study. At the RNA level, survivin knockdown 48 h after transfection led to a marked reduction in survivin mRNA expression levels. The protein expression level of survivin was also significantly decreased 48 h post transfection.
Cell proliferation was measured through the quantification of BrdU incorporation. BrdU uptake in the degenerative NP cells was reduced following survivin knockdown and suppression. These results suggested a role for survivin in cell proliferation. Numerous studies have demonstrated that survivin is essential for mitosis and cell division, and knockdown of survivin function has been associated with cell division defects, demonstrated by the presence of supernumerary centrosomes, the formation of multipolar mitotic spindles and the failure of cytokinesis (33) (34) (35) . Therefore, in degenerative NP cells, the re-expression of survivin may be useful to increase cell proliferation in order to compensate for the decreasing cellular concentration during the degenerative process.
Survivin also has an anti-apoptotic function. No alteration between the activity levels of caspase-3 in the positive and control groups were demonstrated in the unstressed NP cells. These results may be attributable to the culture conditions (sufficient oxygen and glucose). However, the spinal disc is the largest avascular organ in the body and does not directly supply blood to NP cells (36, 37) , therefore material and gas exchange predominantly depends on diffusion from the nearest blood supply. Owing to the progressive age-associated degeneration and calcification of the cartilage endplate (27) , the number of arteries that supply the periphery of the disc decreases. This decrease impairs the diffusion function of the disc such that nutrition and oxygen supply deteriorate. Therefore, degenerative NP cells are under relatively ischemic conditions. Following in vitro ischemic culture (1% oxygen, glucose deprivation), caspase-3 activity levels in the NP cells were significantly increased compared with unstressed NP cells, and after transfection of survivin-siRNA, caspase-3 activity levels significantly increased. The results demonstrated that ischemic culture conditions induced NP cell apoptosis, and expression of survivin may contribute to the reduction of caspase-3 activity exhibiting an anti-apoptotic function in the degeneration process.
In the present study, siRNA was used to investigate the role of survivin in degenerative NP cells, and the results revealed the effects of survivin-siRNA transfection on the proliferation and apoptosis of NP cells under ischemic conditions in vitro. The signaling pathway of survivin in cell division and apoptosis requires further investigation in order to provide a greater understanding of the mechanism underlying survivin regulation. In addition, the construction of lentiviral-survivin for transfection of the degenerative NP cells, and examination of the effects of long-term expression of survivin in degenerative NP cells will be a further research direction.
In conclusion, to the best of our knowledge, the present study demonstrated for the first time that survivin is expressed in degenerative NP cells, and analyzed the general functions of survivin, including in cell proliferation and apoptosis. The results of the present study demonstrated that the expression of survivin had an important role in degenerative NP cells. The data suggested that survivin was a potential target for gene therapy, and supplied fundamental information regarding decreasing NP cell apoptosis by increasing survivin expression levels in order to decelerate the degeneration of NP cells.
